Abstract: Trialkylsilanols were reported to modify and also to improve the catalytic performance in ethylene polymerization when added to zirconocene/methylaluminoxane (MAO) systems. In order to obtain more information about the chemistry involved, a new stable catalytic precursor was investigated in this work. The precursor bis(η 5 -cyclopentadienyl)bistriphenylsilanolatozirconium(IV) [ZrCp 2 (OSiPh 3 ) 2 ] was compared to ZrCp 2 (CH 3 ) 2 and ZrCp 4 , which can generate ZrCp 2 (OSiPh 3 ) 2 in situ on triphenylsilanol addition. In ethylene polymerization, ZrCp 2 (OSiPh 3 ) 2 exibits a comparable activity and a larger stability than dicyclopentadienylzirconium complexes. On addition of triphenylsilanol to zirconocenes, the productivity increased and the molecular weight sharply decreased, thus suggesting the occurrence of ligand substitution in solution. The reported results are discussed with reference to the proposed mechanism of ethylene polymerization with the conventional ZrCp 2 Cl 2 /MAO system.
Introduction
The use of large amounts of MAO with respect to the metallocene complex is one of the major problems of the application of these systems on an industrial scale. The role of MAO has been reported [1] to be threefold, namely: a) to alkylate, when necessary, the metallocene complex to provide transition metalalkyl species; b) to create a coordination vacancy at the metal in order to obtain an active cation; c) to act as a scavenger for impurities, thus allowing for a longer life of the highly reactive cation.
The behavior of metallocene/MAO catalysts, in particular their activity, was shown to be primarily affected by the nature of the ligand around the metal in the precursor compound [2] .
In this context, the present paper reports on a preliminary attempt to replace the two X groups in ZrCp 2 X 2 complexes by groups different from halogen or methyl which are generally used. By considering that trimethylsilanol, when added to the MAO/metallocene systems, shows significant effects on the catalytic behavior with improved activity at lower MAO/metallocene ratio [3] [4] [5] [6] , our attention was focused on the complex ZrCp 2 (OSiPh 3 ) 2 . Also ZrCp 2 (CH 3 ) 2 and ZrCp 4 which promptly give ZrCp 2 (OSiPh 3 ) 2 when reacted with triphenylsilanol were investigated in comparison to ZrCp 2 Cl 2 used as a reference.
The above complexes were evaluated as precursors of polymerization catalysts after addition of silanol [3] and activation with MAO co-catalyst. The effect of different parameters was investigated to determine the best activation conditions and to obtain some mechanistic indications.
Experimental part

Catalysts
ZrCp 2 (CH 3 ) 2 [4] , ZrCp 4 [3] and ZrCp 2 (OSiPh 3 ) 2 [5] were prepared according to literature procedures.
Polymerization experiments
Polymerization experiments were performed according to common procedures. Data relevant to individual runs are summarized in Tab. 1 -4 and 6, whereas three typical experiments are described in detail in the following.
Ethylene homopolymerization in the presence of ZrCp 2 (OSiPh 3 ) 2 /MAO A solution of 4 mmol of MAO and 40 µmol of ZrCp 2 (OSiPh 3 ) 2 in 80 ml anhydrous toluene was placed in a Büchi glass pressure vessel. After 10 min stirring, vacuum was shortly applied and then the vessel was filled with ethylene at a constant pressure of 2 bar. After 1 h stirring at room temperature, 10 ml methanol was added and the resulting mixture was poured into 400 ml methanol containing 10 ml concentrated HCl. The coagulated polymer was filtered, washed with methanol, and dried under vacuum.
Ethylene homopolymerization in the presence of ZrCp 4 -Ph 3 SiOH/MAO A solution of 4 µmol ZrCp 4 and 8 µmol Ph 3 SiOH in 20 ml toluene was kept with stirring for 10 min. Then a solution of 4 mmol MAO in 60 ml anhydrous toluene was added and the reaction mixture was placed in a Büchi glass pressure vessel. Vacuum was shortly applied and then the vessel was filled with ethylene at a constant pressure of 2 bar. After 30 min stirring at room temperature, 10 ml methanol was added and the resulting mixture was poured into 400 ml methanol containing 10 ml concentrated HCl. The coagulated polymer was filtered, washed with methanol, and dried under vacuum.
Ethylene copolymerization with 1-hexene in the presence of ZrCp 2 Cl 2 -Ph 3 SiOH/MAO A solution of 4 µmol ZrCp 2 Cl 2 and 8 µmol Ph 3 SiOH in 10 ml toluene was kept with stirring for 10 min. Then a solution of 4 mmol MAO and 25 mmol 1-hexene in 60 ml anhydrous toluene was added and the reaction mixture was placed in a Büchi glass pressure vessel. Vacuum was shortly applied and then the vessel was filled with ethylene at a constant pressure of 2 bar. After 30 min stirring at room temperature, 10 ml methanol was added and the resulting mixture was poured into 400 ml methanol containing 10 ml concentrated HCl. The coagulated polymer was filtered, washed with methanol, and dried under vacuum.
Polymer characterization
NMR spectra were recorded with a Varian Gemini 200 spectrometer in 5 mm tubes on 10% (w/v) solutions, in 1,2,4-trichlorobenzene/hexadeuterobenzene at 120°C.
IR spectra were recorded on polymer films with a Perkin-Elmer 1600 FT-IR spectrophotometer.
Viscosity measurements were carried out in tetrahydronaphthalene at 135°C with an Ubbelohde viscometer.
Gel permeation chromatography (GPC) was performed in trichlorobenzene at 135°C using a Waters 150-CV instrument equipped with two styragel HT columns and refractive index (RI) detector. , which corresponds to that of ZrCp 2 X 2 with X = Cl, Me under similar conditions. The molecular weight was quite insensitive to changes of the Al/Zr mole ratio from 500 to 2000. These results suggest that increasing Al/Zr probably gives rise to an increase of the number of active sites without affecting too much the k p /k tr ratio. Longer ageing times were accompanied by an increase of productivity without affecting the molecular weight, as already observed when increasing the Al/Zr ratio.
Results
Polymerization of 1-alkenes with
Moreover, a further increase of productivity was observed when raising the temperature from 20 to 60°C at constant ageing time (Tab. 1). In this case, also the polyethylene molecular weight increased remarkably thus suggesting a parallel increase of the k p /k tr ratio. This could be taken as an indication that active sites formed by reacting MAO and ZrCp 2 (OSiPh 3 ) 2 at a temperature higher than 20°C have a different structure with respect to those produced at room temperature.
When AlMe 3 or AlEt 2 Cl were used as co-catalyst under similar reaction conditions, only traces of polymer were formed, apart from a few experiments carried out with AlMe 3 , which probably underwent alteration during storage. In particular, the product could contain an unknown amount of MAO, due to moisture contamination. Indeed, fresh AlMe 3 did not provide any evidence of polymer formation under the same reaction conditions. It appeared therefore interesting to test the "in situ" formation of ) ) in propylene polymerization (propylene pressure 3 bar). However, only oligomerization products (DP n § 10) were obtained under these conditions.
Polymerization of ethylene with ZrCp 4
According to the generally accepted mechanism, the transition metal atom in the active site bears two Cp ligands, one alkyl group, and a free coordination site. Therefore, the ZrCp 4 catalytic precursor fits well into the ZrCp 2 X 2 class where X is an easy removable, alkyl replaceable ligand. In this case, one should expect the catalytic process to be independent of the nature of X. On the other hand, if the conversion of X into the necessary alkyl and free coordination site is slow, the nature of X can affect the kinetics. In this connection, it is interesting to investigate the behavior of catalysts derived from ZrCp 4 as precursor. It is known [7] Propylene was homopolymerized to oligomers (DP n § 20) with low productivity. A similar behavior was observed in 1-hexene/ethylene copolymerization (Tab. 3), analogously to what was reported for ZrCp 2 X 2 (X = Cl, Me) [8] .
Effect of Ph 3 SiOH addition
As known from previous synthetic experiments [3, 5] Data reported in Tab. 4 show that addition of triphenylsilanol to ZrCp 2 (CH 3 ) 2 gave rise to a productivity increase from 2200 to 3500 kg/(g atom Zr· bar· h) in the polymerization of ethylene, almost independently of the Si/Zr mole ratio. Similar effects were previously observed by adding variable amounts of hexamethyldisiloxane and triethylsilanol [9] . Correspondingly, a fourfold decrease of polyethylene viscosity-average molecular weight was observed.
An appreciable decrease of the molecular weight was also detected when silanol was added to ZrCp 4 . However, in this case the activity decreased from 5700 to 2100 kg/(g atom Zr· bar· h).The large influence of silanol addition to the metallocene complex on ethylene polymerization may be attributed to the in situ formation of new catalytically active sites.
No appreciable variation of both catalyst activity and polymer molecular weight was observed when the silanol was added to ZrCp 2 Cl 2 . This behavior suggests that substitution of chlorine atoms by triphenylsilanol groups, that implies the formation of HCl, does not occur to an appreciable extent under the adopted experimental conditions. Gel permeation chromatography (GPC) analysis of polyethylene prepared with some of the investigated catalytic systems is substantially in agreement with viscometric measurements (Tab. 5). 3 SiOH, were examined. As reported in Tab. 5, activities are comparable and in all cases increase with increasing 1-hexene content in the feed, as generally observed for group IV metallocene based catalysts [10] [11] [12] [13] . However, the first three catalysts gave similar results as far as the content of 1-hexene in the copolymer and the polymer molecular weight are concerned, whereas ZrCp 2 Cl 2 maintained its distinct behavior also after Ph 3 SiOH addition (Tab. 6). It is interesting to stress that ZrCp 2 (OSiPh 3 ) 2 still provided rather high molecular weight polymers even at high 1-hexene content, as for supported metallocenes [8] or sterically hindered complexes [14, 15] . Therefore, these data further support the hypothesis that the lack of chlorine in the system reduces incorporation of 1-hexene and allows for an increase of molecular weight with respect to both 
Discussion
The use of Ph 3 SiOH afforded further information on the capability of silanol groups to affect the catalytic behavior of zirconocenes [9] . By taking into account the different activity observed in the presence and in the absence of silanol, we may suggest that substitution of the silanol ligand with a methyl group by MAO does not occur completely. If this hypothesis holds true, the conventional mechanism of ethylene polymerization [16] , that requires the presence of at least one Zr-C sigma bond, could be modified when the polymerization is carried out either with Cp 2 Zr(OSiPh 3 ) 2 or with a mixture ZrCp 4 /silanol or Cp 2 Zr(CH 3 ) 2 /silanol. In other words, the obtained results with these last three catalytic systems suggest an effect of the silanol group on the polymerization process and on polymer properties. Therefore, the presence of the -OSiPh 3 group in the active site can be tentatively proposed (Scheme 2).
The active complex could provide the proper site for ethylene coordination that is followed by the insertion of ethylene into the Zr-C bond. Interaction of Al atoms of MAO with the oxygen of the silanol ligand may contribute to the stabilization of the active species. Even if several mechanisms might operate in the successive propagation, a likely explanation could be that following ethylene coordination, the Zr-C bond is formed again in a flip-flop mechanism [17, 18] , i.e. by transferring the polymer chain from Al to Zr and back again, the polymer growth occurring on the Zr atom. It seems very likely that only a limited reaction with triphenylsilanol occurs in the case of ZrCp 2 Cl 2 , and its catalytic behavior is generally not affected by addition of silanol.
As the presence of silanoxy groups in the catalyst complex does not hinder the catalytic behavior while providing systems more stable towards water, the above complexes can be simply activated with aluminiumalkyls and water. The improved stability to moisture allows for easier storage and handling. The possible use of this approach in the polymerization of monomers that contains a weak acidic functionality is under investigation. Moreover, these data can be useful for the understanding of the behavior of zirconocene precursors when heterogeneized by supporting on silica and zeolites [19] . 
